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ABSTRACT 

P i l o t  p lan t  t e s t s  have been conducted t o  evaluate the  e f f e c t s  o f  magnesium and 
c h l o r i d e  ions on system performance o f  1 imestone-regenerated dual a1 ka l  i processes 
under closed-loop operat ing cond i t i ons .  It was found t h a t  l imestone r e a c t i v i t y  and 
s o l i d s  dewatering p roper t i es  a r e  ve ry  s e n s i t i v e  t o  magnesium i o n  concentrat ions.  
t o t a l  magnesium i o n  concentrat ion should be mainta ined below 1000 ppn f o r  
s a t i s f a c t o r y  pe r fonance  under normal operation. A model which assumes compe t i t i ve  
sur face adsorpt ion o f  ca lc ium and magnesium ions  was used t o  i n t e r p r e t  the data. 
Limestone r e a c t i v i t y  and s o l i d s  dewatering p roper t i es  decreased w i t h  the increase of 
c h l o r i d e  i o n  concentrat ion. 
s i g n i f i c a n t  u n t i l  t h e  concen t ra t i on  reached 80,000 ppm. 

INTRODUCTION 

The 

However, the e f f e c t  o f  c h l o r i d e  i o n  accumulation was no t  

Sodium-based dual a l k a l i  (DA) f l u e  gas d e s u l f u r i z a t i o n  (FGD) processes have the  
features o f  c l e a r  s o l u t i o n  scrub i g, h igh  SO2 removal e f f i c i e n c y ,  low l i q u i d - t o - g a s  
(L/G) r a t i o  and h i s h  r e l i a b i l i t J 1 7 .  Recent t e s t i n g  has demonstrated the  f e a s i b i l i t y  
o f  using l imestone instead of l i m e  f o r  scrubbing l i q u o r  r e  e e r a t i o n  which makes DA 
processes more compet i t ive w i t h  s l u r r y  scrubbing processesq2r. 

absorbent f o r  SO2 removal, c losed water loops a re  des i red t o  min imize the sodium 
makeup requirements. 
l eav ing  the FGD system i s  through evaporat ion and f i l t e r  cake mois ture)  a l so  promotes 
the b u i l d u p  o f  so lub le s a l t s  i n  the r e c i r c u l a t i n g  scrubbing l i q u o r .  The pr imary 
sources o f  so lub le s a l t s  i nc lude  makeup water, reagents, and f l u e  gas. Prev ious 
f i n d i n q s  i n d i c a t e  t h a t  the accumulation o f  so lub le  s a l t s ,  e s p e c i a l l y  c h l o r i d e  ions, 
can have s i g n i f i c a n t  e f f e c t s  on sys em hemist ry  and scrubber pe r fonance  of 
l ime/ l imestone s l u r r y  FGD p r o c e s s e ~ f ~ * ~ f .  The most s i g n i f i c a n t  e f f e c t s  observed 
inc lude  decreases o f  e q u i l i b r i u m  pH, SO2 removal e f f i c i e n c y ,  and s o l i d s  s e t t l i n g  
r a t e ,  and increase i n  gypsum sca l i ng  p o t e n t i a l .  

the impacts o f  c losed- loop operat ion,  a se r ies  o f  p i l o t  p l a n t  t e s t s  was conducted 
under the sponsorship o f  U.S. Environmental P ro tec t i on  Agency's (EPA) I n d u s t r i a l  
Environmental Research Laboratory  i n  Research T r iang le  Park, NC (IERL-RTP). The 
t e s t i n g  concentrated on evaluat ing the e f f e c t s  o f  magnesium and c h l o r i d e  ions s ince 
apprec iab le accumulations o f  so lub le  s a l t s  con ta in ing  these two species a re  expected 
i n  a l imestone DA system under c losed- loop opera t i ng  condi t ions.  

Since the l imestone DA process uses concentrated sodium s u l f i t e  s o l u t i o n  as t h e  

However, the c losed- loop opera t i on  ( i  .e., the o n l y  water 

I n  order  t o  broaden the data base o f  the l imestone O A  process and t o  evaluate 
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The cur ren t  t rend  i n  power p l a n t  design I S  t o  use p lan t  waste water (e.g., 
coo l i ng  tower blowdown) f o r  FGD system makeup. 
p r imary  i n g r e d i e n t s  o f  so lub le  s a l t s  which en ter  t h e  FGO system w i t h  p lan t  waste 
water. 
absorp t ion  o f  H C l  produced dur ing  t h e  coal conbust ion process. I n  a d d i t i o n  t o  makeup 
water,  l imestone i s  a l so  an important source of magnesium ions. I f  closed- loop 
opera t ion  i s  used, t he  d isso lved s a l t s  from e i t h e r  of the  above sources can b e  
concentrated t o  l e v e l s  which are cons iderab ly  h igher  than those present ly  observed i n  
most systems. T h i s  paper summarizes se lec ted  r e s u l t s  from t h e  p i l o t  p lan t  study o f  
t h e  l imestone OA process w i t h  t o t a l  magnesium i o n  concent ra t ion  up t o  2000 ppm and 
c h l o r i d e  i o n  concent ra t ion  t o  150,000 ppn. 

TEST FACILITIES 

Magnesium and ch lo r i de  a re  t h e  

Add i t iona l  c h l o r i d e  ions may e n t e r  t he  scrubbing l i q u o r  through the 

The IERL-RTP p i l o t  f a c i l i t i e s  i nc lude  a three-stage t r a y  tower w i t h  7.5 m3/min 
(approximately 0.1 MW) f l u e  gas c a p a c i t y  (F igure  1). 
g a s - f i r e d  b o i l e r  (no  f l y a s h  i s  present) .  
c o n c e n t r a t i o n  i n  t h e  f l u e  gas. Regeneration of spent scrubbing l i q u o r  i s  performed 
i n  the f o u r - t a n k - i n - s e r i e s  r e a c t o r  t r a i n  w i t h  a t o t a l  residence t ime o f  80 minutes. 
Limestone i s  fed t o  the  f i r s t  r e a c t o r  as 45% s l u r r y .  The feed r a t e  i s  manually se t  
as  requ i red  f o r  e i t h e r  pH o r  reac tan t  s to ich iomet ry  con t ro l .  
t h e  f o u r t h  r e a c t o r  as sodium makeup. Reactor e f f l u e n t  s l u r r y  f lows b y  g r a v i t y  t o  the  
t h i c k e n e r  centerwe l l .  C l a r i f i e d  l i q u o r  overflows from t h i c k e n e r  t o  the forward feed 
h o l d  tank from which i t  i s  pumped t o  the  t r a y  tower. 
used f o r  f u r t h e r  dewater ing o f  t h e  t h i c k e n e r  underf low so l i ds .  

U l t r a v i o l e t  spectrophotometry (OuPont 400 SO2 analyzer)  was used t o  mon i to r  the  
gas phase SO2 concent ra t ions  and SO2 removal e f f i c i e n c i e s .  The pH o f  scrubbing 
l i q u o r  i n  each r e a c t o r  was measured h o u r l y  dur ing  p i l o t  t es t i ng .  
p roper t i es  were charac ter ized  b y  ho ld  tank s l u r r y  s e t t l i n g  r a t e  and f i l t e r  cake 
inso lub le  s o l i d s  concent ra t ion .  Oeta i led  d s r i p t i o n s  o f  t he  t e s t  f a c i l i t i e s  and 
a n a l y t i c a l  procedures were repor ted  e a r l  ierP5F. 

EFFECTS OF MAGNESIUM IONS 

For the  study of magnesium i o n  (Mg2+) e f f e c t s  on the  system p e r f o n a n c e  o f  
l imestone dual a l k a l i  process, epsom s a l t  (MgS04-5H20) was added t o  ad jus t  the Mg2+ 
c o n c e n t r a t i o n  i n  t h e  scrubbing l i q u o r .  
es tab l i shed w i thout  the  a d d i t i o n  o f  epsom s a l t ;  t h e  steady-state concent ra t ion  o f  
Mg2' was 355 ppn. I n  subsequent t e s t s ,  a l l  opera t ing  cond i t ions  -- except f o r  Mg2' 
concent ra t ion  --were maintained constant;  t he  concent ra t ion  o f  Mg2+ was grad  a l l y  
increased b y  epsom s a l t  a d d i t i o n  t o  the  f i r s t  reac tor .  The maximum t o t a l  Mgj+ 
concent ra t ion  reached d u r i n g  t h i s  t e s t  ser ies  was 2000 ppn. The p r i n c i p a l  r e s u l t s  of 
these t e s t s  are l i s t e d  i n  Table 1. Summaries of l i q u o r  and s o l i d  analyses are  l i s t e d  
i n  Tables 2 and 3. 

The f l u e  gas i s  drawn from a 
Pure SO2 i s  i n j e c t e d  t o  achieve t h e  desired 

Soda ash i s  added t o  

A ho r i zon ta l  b e l t  f i l t e r  i s  

So l i d  dewatering 

The base case system perfonnance was 

E f f e c t s  o f  1000 ppn Mg2+ 

A comparison o f  r e s u l t s  obtained from run MG-1 w i t h  those from MG-2 i nd i ca ted  
t h a t  t he  most s i g n i f i c a n t  change observed w i t h  t h e  increase o f  t o t a l  Mg2+ 
concent ra t ion  u p  t o  1000 ppm i s  the  d e t e r i o r a t i o n  o f  s o l i d s  dewatering p roper t i es  as 
re f l ec ted  b y  the  decrease o f  i n s o l u b l e  s o l i d s  i n  the  f i l t e r  cake. The base case ( run  
MG-1) f i l t e r  cake contained 52% so l i ds ;  however, on l y  45% s o l i d s  was obtained i n  the  
f i l t e r  cake generated a t  1000 ppn t o t a l  Mg2+ concentrat ion.  

The ob jec t i ve  of 
t h i s  run  was t o  eva lua te  t h e  system performance w i t h  decreasing Mg2' concentrat ion.  
The mass balance ind i ca ted  t h a t  t he  t o t a l  Mg2+ concent ra t ion  should d r i f t  down t o  

NO magnesium s u l f a t e  was added t o  the  system f o r  run  MG-3. 

I 
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below 500 ppn. During the r u n ,  the total  Mg2+ concentration decreased from 1000 ppn 
t o  about 625 ppn toward i t s  end. A leak was discovered a t  the scrubber bleed/quench 
recirculation punp i n l e t  which introduced a i r  into the process stream and therefore 
caused high oxidation. The high oxidation, as confirmed by so l ids  analysis resu l t s  
in Table 3, was reflected by increases of the su l fa te - to-su l f i te  r a t io  to  above 2.5. 
After the a i r  leak problem was corrected,  the  su l fa te - to-su l f i te  r a t i o  decreased, but 
the t e s t  average was 2.4. 

Very s table  operation was maintained f o r  run MG-4 without magnesium su l f a t e  
addition with the total  Mg2+ concentration s tab i l iz ing  a t  about 350 ppn. The 
su l fa te - to-su l f i te  r a t io  decreased t o  2.0, the f i l t e r  cake inso l tb le  so l ids  reached 
53%, and the s lur ry  s e t t l i n g  r a t e  was 2.0 cm/min. 
case solids quali ty a n d  scrubber performance obtained from r u n  MG-1. 

The r e su l t s  confirmed the base 

Effects of 2000 ppn Mg 2+ 

Epsom s a l t  was then added t o  the f i r s t  reactor t o  ra ise  the Mg2+ concentration 
f o r  run  MG-5. 
de te r iora t ion  of f i l t e r  cake qua l i ty  when the total  Mg2+ concentration reached 1000 
ppn. 
concentration and confirmed the r e su l t s  observed during runs MG-1 and MG-2. 
a further increase of the Mg2+ concentration caused s igni f icant  changes in system 
performance. 
observed throughout the system. The SO removal efficiency a l so  decreased. F i l t e r  
cake quali ty deteriorated fur ther  t o  befow 40% insoluble solids.  The so l id s  se t t l i ng  
r a t e  a l so  began to drop. A t  2000 ppn total  Mgz+ concentration, a system upset w i t h  
non-settling so l ids  occurred. The sol ids  se t t l i ng  rate  dropped t o  below 0.1 cm/min, 
while only 28% insoluble sol ids  were obtained from the f i l t e r  cake. 
regenerated l iquor was 6.2 (base case pH was 6.6) and SO2 removal e f f ic iency  was 85% 
(base case removal efficiency was 92%). The solids content of s lu r r i e s  in the 
reactors reached 4.7% (base case so l ids  content was 2.1%) due t o  the so l ids  carryover 
in the thickener overflow. 

Results of Chemical Analysis 

and sol ids  analyses t o  characterize the system chemistry a t  various Mg2+ concentra- 
t ions.  Figure 2 shorn 
the  profile of total  Mg2+ concentration across the pi lot  plant system. A s l i g h t  d r o p  
of MgZt concentration was observed from the scrubber bleed hold tank'(V-102) to  the 
f i r s t  reactor (V-105), espec ia l ly  f o r  the high Mg2+ concentration runs. The concen- 
t r a t i o n  drop was not very s igni f icant  since the changes were wi th in558 (the range of 
experimental e r ro r ) .  Mag- 
nesium los t  i n  this manner i s  probably coprecipitated with calcium su l f i t e / su l f a t e .  

obtained when the total  Mg2+ concentration was increased from 1000 t o  2000 ppn. The 
scrubber bleed hold tank pH decreased from 6.3 t o  5.6 and the forward feed hold t a n k  
pH also decreased from 6.7 t o  6.2. 
was observed even a t  2000 ppn to t a l  MgZt concentration, indicating t h a t  the limestone 
dissolution was not completely stopped by increasing the Mg2+ concentration. 

The total  oxidizable su l fur  (TOS) and su l f a t e  ion concentrations a r e  shown in 
Figures 4 and 5,  respectively.  
were observed f o r  both species a t  the three Mgzt concentrations tes ted .  Figures 4 
and 5 confirm t h a t  the concentrations of important species, such as TOS and su l f a t e  
ion, were not  al tered by increasing the Mg2+ concentration by epsom s a l t  addition. 

No s ign i f icant  changes of system performance were observed except the 

The f i l t e r  cake insoluble so l ids  dropped from 53% t o  47% a t  1000 ppn t o t a l  Mg2+ 
However, 

When the to t a l  Mgzt concentration exceeded 1.500 ppn, pH decreases were 

The pH of the 

Several s e t s  of samples were taken from each reactor and hold tank f o r  l iquid 

Results of the chemical analyses are shown in Figures 2 t o  8. 

However, a magnesium loss  across the reactors i s  implied. 

The pH prof i le  i s  shown in Figure 3. A significant drop in the system pH was 

However, the increase of pH across the reactors 

Similar concentration leve ls  and concentration trends 
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Figure 6 shows the  t o t a l  a l k a l i n i t y  concentrat ions across the  system. Since the 
TOS concentrat ions were maintained a t  about the  same l e v e l s  f o r  a l l  runs (Figure 4 ) ,  
t h e  decrease o f  t o t a l  a l k a l i n i t y  when t o t a l  MgZt concent ra t ion  was increased from 
1000 t o  2000 ppn r e f l e c t s  the  pH drop caused b y  t h e  increase o f  magnesium i o n  
concentrat ions.  

and 8, r e s p e c t i v e l y .  
c a b o n a t e  p r o f i l e s  obtained a t  the  th ree  MgZt concentrat ions a re  very s im i la r .  

The calc ium i o n  (Ca2+) and t o t a l  carbonate concent ra t ions  a re  shown i n  Figures 7 
The concent ra t ion  l e v e l s  and the t rends  o f  Ca2+ and t o t a l  

So l i ds  Analysis 

The product s o l i d s  obtained a t  var ious magnesium i o n  concentrat ions were 
examined under a scanning e lec t ron  microscope (SEM) t o  observe the  de ta i l ed  
morphology o f  the  i n d i v i d u a l  s o l i d  pa r t i c l es .  
photomicrographs reproduced i n  Figures 9 through 12, t h e  product s o l i d s  were 
phys i ca l l y  d i f f e r e n t .  
where the p a r t i c l e s  gave a 50 t o  55% s o l i d s  f i l t e r  cake w i t h  agglomerates o f  
wel l -def ined p l a t e l e t s .  
9b which was taken a t  a m a g n i f i c a t i o n  o f  5000x. 

As can b e  seen i n  the  SEM 

F igure  9 shows the s o l i d s  taken a t  the  base case cond i t ions  

The th ickness  o f  each p l a t e l e t  can be seen c l e a r l y  i n  F igure  

Photomicrographs o f  s o l i d s  produced a t  the  1000 ppn t o t a l  Mg2' concentrat ion are  
shown i n  F igure  10. 
p a r t i c l e s  i n  F igure  10 were composed o f  th inner ,  smal le r  p l a t e l e t s .  
r e f l e c t e d  i n  poorer f i l t e r  cake q u a l i t i e s  (45 t o  50% inso lub le  s o l i d s ) .  

Photomicrographs o f  sol  i d s  produced a t  2090 ppm t o t a l  Mg2+ concent ra t ion  are 
shown i n  F igure  11 which i nd i ca tes  the  s o l i d  p a r t i c l e s  a r e  composed o f  i l l - d e f i n e d ,  
needle-1 i k e  p l a t e l e t s .  Furthermore, F igure  l l b  revea ls  ser ious  c r y s t a l  defects.  The 
poor c r y s t a l  p r o p e r t i e s  were evidenced b y  an extremely low s e t t l i n g  r a t e  ( l ess  than 
0.1 cm/min) and v e r y  few f i l t e r  cake inso lub le  s o l i d s  ( l e s s  than 30%). 

In summary, two s i g n i f i c a n t  e f f e c t s  of MgZt concent ra t ion  on DA system 
performance were observed. 
product dewatering p r o p e r t i e s  a re  v e r y  sens i t i ve  t o  Mg2+ concentrat ion.  
Photomicrographs show t h a t  the  d e t e r i o r a t i o n  of so l  i d s  dewatering proper t ies  i s  
caused b y  c r y s t a l  morphology changes compris ing c r y s t a l  s i ze  decreases and cr.ysta1 
defects. 
pH drop. 
reaches about 1900 ppm. 

Surface Adsorption Model 

i s s o l u t i o n  r a t e  o f  CaC03 has been inves t i ga ted  w i t h  a 
pH-stat l a b o r a t o r y  exper imentrsy.  The r e s u l t s  i nd i ca ted  t h a t  t he  presence o f  Mgzt i n  
t h e  so lu t i on  reduces t h e  CaC03 d i s s o l u t i o n  ra te .  To i n t e r p r e t  t he  data,  i t  was 
assumed t h a t  Mg2+ can b e  adsorbed on the  surface o f  CaC03 p a r t i c l e s  t o  form a surface 
Ca-Mg-carbonate. The adsorp t ion  reduces the  d i s s o l u t i o n  r a t e  s ince the  surface i s  
P a r t i a l l y  b l i n d e d  b y  adsorbed Mgzt. It was a l so  assumed t h a t  the  reduc t i on  o f  the 
d i s s o l u t i o n  r a t e  i s  p ropor t i ona l  t o  the  f r a c t i o n  o f  the surface ( e )  occupied by  the 
adsohed MgZt, which can b e  expressed by  the  Langmiur adsorp t ion  isotherm: 

Compared w i t h  the base case s o l i d s  (F igure  9 ) ,  t h e  s o l i d  
This was 

F i r s t ,  the  p i l o t  p lan t  data i nd i ca ted  t h a t  the s o l i d  

Second, t h e  l imestone d i s s o l u t i o n  r a t e  decreased as r e f l e c t e d  b y  t h e  system 
This e f f e c t  i s  no t  very  s i g n i f i c a n t  u n t i l  the t o t a l  MgZt concent ra t ion  

The ef fect  o f  MgZt on t h  

9 = a c / ( l  t bc)  (1) 

where a and b a r e  cons tan ts  and c i s  the  concent ra t ion  o f  adsorbed species. 

I 
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The d i s s o l u t i o n  r a t e  ( R )  can b e  determined from: 

R = kA ( 1  - r1 /2 )n  (2 )  

where k i s  th apparent r a t e  constant, A i s  the a c t i v e  surface area, r i s  the  degree 
of CaC03 sa tu ra t i on ,  and n i s  a constant. 
surface area A i s  r e l a t e d  t o  0 by :  

I n  the presence o f  Mg2+, the  a c t i v e  

A =  ( 1  - e )  (3 1 
The i n h i b i t i o n  e f f e c t  o f  Mg2+ on CaCO3 d i s s o l u t i o n  r a t e  can be described b y  t h e  
fo l l ow ing  c o r r e l a t i o n  der ived from Equations 1, 2 and 3. 

(1 - R/Ro) = 1.38 x l o 5  [Mg2+]/(1 + 1.68 x l o 5  [Mg2+]) (4  1 
where Ro i s  the d i s s o l u t i o n  r a t e  i n  the absence o f  Mg2+ and [MgZt] i s  t he  
concen t ra t i on  o f  t o t a l  magnesium i n  moles cm-3. 

s l u r r y ,  t he  cmhined e f f e c t s  o f  ca lc ium and ma n sium a c t u a l l y  determine the  
l imestone d i s s o l u t i o n  r a t e .  S joberg 's  resu l t s767  ind i ca ted  t h a t  Ca2+ can i n h i b i t  
CaC03 d i s s o l u t i o n  r a t e  much more e f f e c t i v e l y  than Mg2+ b y  the same sur face adso rp t i on  
phenomenon. The conbined e f f e c t s  o f  Ca2+ and Mg2+ can b e  described as compe t i t i ve  
adsorption, and the l imestone sur face w i l l  a c t  as an ion-exchanger. The f r a c t i o n  of 
sur face occupied b y  adsorbed CaZ+ and Mg2+ can be expressed as: 

I n  wet f l u e  gas d e s u l f u r i z a t i o n  processes, e i t h e r  dual a l k a l i  o r  l imestone 

E 
\ 

where a i  and b i  a r e  constants and c i  i s  the concen t ra t i on  o f  
The reduct ion o f  d i s s o l u t i o n  r a t e  i s  p ropor t i ona l  t o  0, o r :  

( 1  - R/Ro) a 0 

the adsohed  species i. 

(6)  

I n  the i dea l  case, a i  and b i  a r e  constants  independent o f  c i .  Therefore, 

where K' i s  a constant w i t h  a value o f  0.033 as obta ined by  Sjoberg(6). 

Equation ( 7 )  i nd i ca tes  t h a t  the r e l a t i v e  e f fec t i veness  o f  Mg2+ and Ca2+ i n  
i n h i b i t i n g  the l imestone d i s s o l u t i o n  r a t e  depends on the r a t i o  of Mg2+ concen t ra t i on  
t o  Ca2+ concentrat ion. On the  o the r  hand, t h e  s e n s i t i v i t y  o f  l imestone d i s s o l u t i o n  
r a t e  t o  the Mgzt concen t ra t i on  i s  determined b y  t h e  Ca2+ concentrat ion.  
b y  Equation ( 7 ) ,  when the minimum r a t i o  (OM /Q 
e f f e c t i v e l y  i n h i b i t  l imestone d i s s o l u t i o n  r ! t e v i u a l  a l k a l i  processes need o n l y  908 
ppn Mg2+ since the normal Ca2' concen t ra t i on  i n  the f i r s t  r e a c t o r  i s  about 100 ppm. 
Furthermore, i f  compe t i t i ve  adsorpt ion o f  Mg2+ and Cazt a l so  occurred on the  Cas03 
sur face,  the adsorbed Mg2+ can a c t  as an i m p u r i t y  which causes c r y s t a l  d e f e c t s  and 
i n h i b i t s  c r y s t a l  growth. 
d e t e r i o r a t e  w i t h  the increase o f  Mg2+ concen t ra t i on  as r e f l e c t e d  b y  the  decrease o f  
s l u r r y  s e t t l i n g  r a t e  and f i l t e r  cake i n s o l h l e  s o l i d s  obta ined from p i l o t  p l a n t  
t e s t i n g  . 

As i nd i ca ted  
o f  0.5 i s  requ i red  f o r  Mg2+ t o  

As a r e s u l t ,  t he  p roper t i es  o f  t he  s o l i d  product  
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EFFECTS OF CHLORIDE IONS 

cat ions  such as sodium (Na+) and Mg2? . Since previous data ind ica ted  t h a t  h igh  
magnesium i o n  concent ra t ions  a re  not d e s i r a b l e ,  i t  i s  expected t h a t  Na+ w i l l  be the  
c a t i o n  associated wi th  the  C1- i n  l imestone dual a l k a l i  scrubbing so lu t ions .  

cond i t ions  w i t h  183 ppn C1- concentrat ion.  I n d u s t r i a l  grade sodium c h l o r i d e  was then 
added t o  the t h i r d  r e a c t o r  t o  r a i s e  the  C1- concent ra t ion  t o  20,000, 50,000, and 
80,000 ppn, r e s p e c t i v e l y .  
4. 
s i g n i f i c a n t  change observed w i t h  the  increase of C1- 
of system pH. While a l l  t he  o t h e r  var iab les  ( l imestone feed ra te ,  SO2 feed ra te ,  
a c t i v e  sodium concent ra t ion ,  s u l f a t e - t o - s u l f i t e  r a t i o ,  etc.) were maintained a t  
approximately cons tan t  l e v e l s ,  t h e  pH o f  regenerated l i q u o r  decreased from 6.6 t o  
6.5, 6.3, and 6.2 as the  C1- concent ra t ion  increased from the  base case t o  20,000, 
50,000, and 80,000 ppn, respec t i ve l y .  Correspondingly, t h e  SO2 removal e f f i c i e n c y  
a l s o  dropped s l i g h t l y  f rom 93 t o  92, 91, and 90%, respec t i ve l y .  
constant t o t a l  a l k a l i n i t y  concent ra t ions ,  t h e  soda ash make-up r a t e  was increased b y  
more than 50%. 
increase o f  C1- c o n c e n t r a t i o n  when the C1- concent ra t ion  was below 80,000 ppn. The 
f i l t e r  cake inso lub le  s o l i d s  conten t  f l uc tua ted  between 50 and 55% and t h e  
s u l f a t e - t o - s u l f i t e  r a t i o  dropped s l i g h t l y  from 1.9 t o  1.8. 
i nd i ca ted  t h a t  t he  o v e r a l l  o x i d a t i o n  decreased from 6.9% t o  4.0% as the  C1- 
concent ra t ion  increased from the  base case leve l  t o  80,000 ppn. 

Corresponding t o  these C1- 
ppn and 140,500 ppn, r e s p e c t i v e l y .  As observed i n  previous runs, the  system pH 
dropped w i t h  the increase o f  C1- concentrat ion.  The base case (no c h l o r i d e  
add i t i on )  regenerated l i q u o r  pH was 6.7. A t  100.000 ppn C1- concentrat ion,  t he  
regenerated l i q u o r  pH f e l l  t o  6.1. The regenerated l i q u o r  pH f u r t h e r  decreased t o  
5.9 when the C1- c o n c e n t r a t i o n  was increased t o  150,000 ppn. 

150,000 ppn C1- was sca l i ng  i n  the  absorber. 
and a very  h igh  pressure drop (over  10 in .  H20) across the  absorber was obtained. 
Layers of  hard sca le  composed o f  CaS03/S04 were found on the absorber wa l ls .  
quan t i t y  of water so lub le  sodium scale was deposi ted beneath the midd le  and the  
bottom trays.  N e i t h e r  sca le  contained s i g n i f i c a n t  amounts o f  ch lo r i de .  

I n  a d d i t i o n  t o  sca l ing ,  system performance a l so  de ter io ra ted .  Only 86% SO2 
removal e f f i c i e n c y  was obtained a t  150,0110 ppn c h l o r i d e ,  s i g n i f i c a n t l y  lower than the 
93% a t  base case c o n d i t i o n s .  F i l t e r  cake inso lub le  s o l i d s  a l so  decreased t o  39% 
compared w i t h  50 t o  55% f o r  the  base case. 
concent ra t ions  were observed and r e f l e c t e d  the  increased l i q u o r  l o s s  and sodium 
consumption. 

SUMMARY 

Ch lor ide  i ons  ( C l - )  accunu la t in  i n  the  scrubbing l i q u o r  w i l l  be balanced b y  

The p i l o t  e v a l u a t i o n  t e s t  was s ta r ted  on the  base case (no c h l o r i d e  add i t i on )  

The p r i n c i p a l  r e s u l t s  o f  these t e s t s  a r e  l i s t e d  i n  Table 
The most Summaries o f  l i q u o r  and s o l i d s  analyses a r e  l i s t e d  i n  Tables 5 and 6. 

concent ra t ion  was the  decrease 

I n  o r d e r  t o  maintain 

No s i g n i f i c a n t  changes i n  s o l i d s  q u a l i t y  were observed w i t h  the  

F i l t e r  cake analyses 

Chlor ide i o n  concent ra t ions  o f  100,000 ppn and 150,000 ppn were a l so  tested. 
concentrat ions,  t he  Nat concentrat ions reached 116,900 

The most s i g n i f i c a n t  opera t ing  problem encountered dur ing  runs w i t h  100,000 and 
The quench nozzle scaled and plugged, 

A l a rge  

Decreases o f  TOS and t o t a l  a l k a l i n i t y  

I n  summary, t h e  p i l o t  p lan t  d a t a  i n d i c a t e  t h a t :  

The s o l i d  p roduc t  dewater ing p r o p e r t i e s  a r e  very  sens i t i ve  t o  Mg2+ concentra- 
t i on .  
concent ra t ions  were obtained w i t h  the  increase o f  t o t a l  Mgzt concent ra t ion  
from 500 Ppn t o  1000 ppn. 

S i g n i f i c a n t  drops (5% o r  more) o f  f i l t e r  cake inso lub le  s o l i d  

So l i ds  q u a l i t y  d e t e r i o r a t e d  r a p i d l y  a f t e r  the  
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t o t a l  magnesium i o n  concen t ra t i on  exceeded 1000 ppn. 
t r a t i o n  o f  2000 ppn, a system upset w i t h  non -se t t l i ng  s o l i d s  occurred. 
s o l i d s  s e t t l i n g  r a t e  dropped below 0.1 cm/min, and on ly  28% i n s o l u b l e  s o l i d s  
were obtained from t h e  f i l t e r  cake. Scanning e l e c t r o n  micrographs showed 
t h a t  the d e t e r i o r a t i o n  o f  sol i d s  dewatering p roper t i es  was caused b y  c r y s t a l  
morphology changes r e f l e c t i n g  c r y s t a l  s i z e  decreases and c r y s t a l  defects .  

0 The l imestone d i s s o l u t i o n  r a t e  decreased as shown b y  decreasing system pH 
w i t h  increas ing Mg2+ concentrat ion.  This  e f f e c t  i s  r e l a t i v e l y  smal 1 u n t i l  
t he  t o t a l  magnesium i o n  concentrat ions reach about 1000 ppn. 

0 The e f f e c t  o f  Mg2' concentrat ion on l imestone d i s s o l u t i o n  r a t e  can b e  
explained by  a sur face adsorpt ion model. The adsorpt ion o f  Mgzt reduces the 
l imestone d i s s o l u t i o n  r a t e  because the surface i s  p a r t i a l l y  b l i nded  b y  the  
adsohed magnesium ions.  
i ons  was descr ibed by  a mathematical model based on the Langmuir adsorpt ion 
isotherm. The model was used t o  exp la in  the s e n s i t i v i t y  o f  l imestone 
d i s s o l u t i o n  r a t e  t o  magnesium i o n  concen t ra t i on  under l imestone dual a l k a l i  
operat ing condi t ions.  

When the c h l o r i d e  i o n  concentrat ion i s  below 80,000 ppn, t h e  most s i g n i f i c a n t  
change observed w i t h  the  increase o f  C1- concentrat ion was the decrease o f  
system pH. Correspondingly, s l i g h t  drops o f  SO2 removal e f f i c i e n c y  were a l so  
obtained . 

a When the ch lo r i de  i o n  concentrat ion i s  above 100,000 ppn, system performance 
de te r io ra ted  w i t h  the increase o f  c h l o r i d e  i o n  concentrat ion.  I n  a d d i t i o n  t o  
the decreasing scrubbing s o l u t i o n  pH and SO2 removal e f f i c i e n c y ,  t he  f i l t e r  
cake inso lub le  s o l i d s  a l s o  decreased and resu l ted  i n  increased l i q u o r  losses 
and sodium consumptions. 

A t  a t o t a l  Mg2' concen- 
The 

The compe t i t i ve  adsorpt ion o f  ca lc ium and magnesium 
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TABLE 1. MAGNESIUM-ION-EFFECT TEST CONDITIONS 

Run MG-1 MG-2 MG-3 MG-4 MG-5 
~~ ~ ~ ~~ 

Mg2+ concentrat ion,  ppn 355 1060 625 356 20nn 
Tower pressure drop, in .  H20 8.1 8.4 7.9 7.8 8.2 
L i q u o r  forward feed, gpn 1.4 1.4 1.4 1.4 1.4 
Scrubber feed pH 6.6 6.6 6.6 6.6 6.2 
S c r b b e r  e f f l u e n t  pH 6.2 6.2 6.2 6.2 5.6 
I n l e t  SO2 concent ra t ion ,  ppn 3010 2990 2990 3050 3020 
SO2 feed ra te ,  l b / h r  6.7 6.7 6.6 6.7 6.6 
SO2 absorpt ion,  w t .  % 92.7 91.8 91.0 92 a5 
SO2 make-per-pass, mmol/l 139 137 132 138 125 
Limestone s l u r r y  feed r a t e ,  l b / h r  23 23 22 22 22 
Limestone s l u r r y  s o l i d s ,  w t .  % 45 45 45 45 45 
F lue  gas 02, vol .  X 6.4 7.0 6.1 6.9 7.2 

F i l t e r  wash r a t e  (nominal) ,  gph 3 3 3 3 3 

Thickener so l i ds ,  w t .  % 19 18 16 20.1 7.8 
F i l t e r  cake s o l i d s ,  wt .  % ( i nso lub le )  52 45 48 53 28 

Na concentrat ion,  g/1 57 55.6 57.4 54.0 49.7 
TOS, gmol/l 0.72 0.67 0.70 0.74 0.67 
Ca concentrat ion,  ppn 88 52 74 62 58 
Tota l  a l k a l i n i t y ,  gmol/ V-113) 0.42 0.41 0.38 0.42 0.28 
Na i n  f i l t e r  cake, mg/g!a! 15.5 18.6 16.9 12.6 (d) 
Run t ime, hours 81 78 85 92 67 
Limestone sto!chiometry(b) 1.07 1.08 1.06 1.03 1.13 

A c t i v e  Na, gmol/ l?c) 1.14 1.08 1.08 1.16 0.95 
SOq/sul fi t e  2.05 2.15 2.4 2.0 3.2 

fa/Washed i n  the b e l t  f i l t e r  
(b)Mass ba lance (d)Data not a v a i l a b l e  

S e t t l i n g  r a t e  ( reac to r ) ,  cm/min 2.0 1.9 2.2 2.2 <0.1 
S e t t l i n g  t e s t  % s l i d s  2.1 2.1 2.6 2.1 4.7 

( C ) A c t i v e  Na = TOS + Total  A l k a l i n i t y ,  gmol/ l  

TABLE 2. SUMMARY OF THICKENER LIQUOR ANALYSIS 
FROM MAGNESIUM-ION-EFFECT TESTS 

Run No. MG-1 MG-2 MG-3 MG-4 MG-5" 
Component, 

91 1 

Ca 0.088 0.052 0.074 0.062 0.058 
Mg 0.355 1.06 0.625 0.356 2.02 
Na 57.0 55.6 57.4 54.0 49.7 

;Oo4 2.73 2.54 2.35 2.1 2-03 

TOS as SO3 57.6 53.6 55.6 59.3 53.6 
82.6 84.5 86.4 80.6 86.4 

C 7  
PH 

-.- -. ._ 
0.165 0.174 0.192 0.182 0.175 
6.7 6.7 6.6 6.7 6.2 

\ 

i 
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TABLE 3. SUMMARY OF FILTER CAKE ANALYSIS FROM MAGNESIUM-ION-EFFECT TESTS 

Run No, 

Component, 
mg/g 

MG-1 MG-2 MG-3 MG-4 MG-5 

Tota l  S as SO3 529 52 2 52 5 
TOS as SO2 379 378 363 

Ca 294 297 298 
Mg 2.6 3.4 2.8 
Na 5.7 5.8 5.8 
Oxidat ion,  X 10.4 9.5 13.6 
L /S  U t i l i z a t i o n ,  %(a) 89.9 87.8 88.1 

Carbonate as C02 42 47 43 

509 
382 

42 
296 

2.5 
4.4 
6.2 

86.0 

511 
376 

56 
298 

3.6 
5.3 
8.0 

85.7 

( a ) ~ 0 3 / ~ a  
(h)data no t  a v a i l a b l e  

TABLE 4. CHLORIDE-ION-EFFECT TEST CONDITIONS 

i 

~~~~ ~ 

Run No. CL-1 CL-2 

C1- concentrat ion,  ppn Base Case 20000 

L i q u o r  forward feed, gpn 1.4 1.4 
Scrubber feed pH 6.6 6.5 
Scrubber e f f l u e n t  pH 6.2 6.1 
I n l e t  SO2 concentrat ion,  ppn 3040 3010 
SO2 feed ra te ,  l b / h r  5 .6  6.7 
SO2 absorpt ion,  % 93 92 
SO2 make-per-pass, mmol l l  137.1 137.7 
Limestone s l u r r y  feed r a t e ,  l b / h r  22 22 
Limestone s l u r r y  s o l i d s ,  wt. % 45 45 
F1 ue gas 02, vo l  . % 5.6 5.1 
Thickener s o l i d s ,  wt. % 22.8 19.8 
F i l t e r  cake so l i ds ,  wt. % ’  53 52 

F i l t e r  wash r a t e  (nominal ) ,  gph 3 3 

61 57 

Tower pressure drop, i n .  H20 8.0 8.1 

( i nso lub le )  

Na concentrat ion,  g/1 47.8 59.6 
TOS, gmol/ l  0.70 0.65 

0.44 0.41 
8.2 9.4 

IafV-113) 
Ca concentrat ion,  ppn 
To ta l  a l k a l i n i t y ,  gmol/ 
Na i n  f i l t e r  cake, mg/g 
Run t ime, hours 85 62 
Limes tone s t o i c  h iometry(b 1.03 1.03 

A c t i v e  Na, gmol/ lTC) 1.14 1.06 

S e t t l i n g  r a t e  ( reac to r ) ,  cm/min 2.3 2.1 
S e t t l i n g  t e s t  % s l i d s  2.0 1.9 

sO4/sul fi t e  1.9 1.9 

CL-3 

soon0 
8.1 

6.3 
5.9 

- (d )  

3060 
6.7 

91 

22 
45 

5.3 
23.4 
51 

3 
78.8 

0.66 

0.40 
58 

13.3 
68 

1.04 
1.8 
2.7 
1.06 
1 .R 

CL-4 

ROO00 
8.2 
1.4 
6.2 
5.8 

6.6 
3010 

90 
122.7 

22 
45 

4.7 
22.1 
52 

3 
96.9 

0.64 

0.39 
49 

14.6 
5R 

1.07 
1.9 
1.8 
1.03 
1.8 

CL-5 

100000 
8.9 
1.4 
6.1 
5.7 

6.6 
3030 

89 
131 

22 
4 5  

5.2 
18.1 
48 

3 
116.9 

51 
0.61 

0.34 
17.7 
84 

1.08 
1.8 
2.1 
0.95 
1.84 

c1-6 

150000 
10.2 

1.4 
5.9 
5.5 

3010 

86 
6.7 

129 
22 
45 

5.1 
20.2 
39 

3 

0.47 

0.29 

140.5 

36 

24.5 
72 
1.10 
1.7 
2.4 
0.76 
1.72 

swashed i n  the  b e l t  f i l t e r  
b m s s  balance 

CAct ive Na = TOS + To ta l  A l k a l i n i t y ,  gmol / l  
~ F I  owneter n o t  ope ra t i ona l  
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TABLE 5. SUMMARY OF THICKENER LIOUOR ANALYSIS FROM CHLORIDE-ION-EFFECT TESTS 

Run No. CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 

Component, 
91 1 

Ca 0.061 0.057 0.058 (1.049 0.051 0.036 
Mg 0.344 0.298 0.333 0.247 0.176 0.072 
Na 47.8 59.6 78.8 96.9 116.9 140.5 

TOS as so3 56.0 52.0 52.8 51.2 48.6 37.6 
80.3 76.2 69.1 67.3 60. 2 48.0 

2.68 2.25 2.12 1.95 1.25 0.96 
0.183 20.1 50.3 80.2 100.0 150.0 

PH 6.6 6.5 6.3 6.2 6.1 5.9 

E!: 

TABLE 6. SUMMARY OF FILTER CAKE ANALYSIS FROM CHLORIDE-ION-EFFECT TESTS 

Ron No. CL-1 CL-2 CL-3 CL-4 CL-5 CL-6 

Component, 
mglg  

To ta l  S as SO3 513 498 503 505 501 491 

Carbonate as C02 40 42 43 46 56 61 
Ca 295 286 292 298 308 307 
Mg 2.4 2.3 2.4 3.2 3.0 2.6 
Na 5.9 (b) 6.2 5.8 6.5 5.9 

Ox ida t i on ,  % 6.9 6.6 5.3 4.0 4.4 5.3 
L/S U t i l i z a t i o n ,  %(a)  86.9 87.1 86.1 84.7 81.3 80.0 

TOS as SO2 382 372 381 388 383 372 

( a  1 sO3/ca 
(b )da ta  n o t  a v a i l a b l e  

i 
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Figure 1. Flow diagram of I ERL-RTP dual alkali pilot plant. 
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Figure 2. Distribution of magnesium ion concentration in limestone DA pilot plant. 
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Figure 3. Profiles of pH values in limestone DA pilot plant. 

0.9 

2- 0.8 
a a 

-I 

4 + 
2 0.6 

0.5 I I I I I I 
v.102 V-105 V-106 V-107 v-108 V-113 

Figure 4. Total oxidizable sulfur concentrations in limestone D A  pilot plant. 
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Figure 5. Distribution of sulfate ion concentration in limestone DA pilot plant. 
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Figure 7. Distr ibut ion of total calcium ion concentration in  limestone D A  p i lo t  plant. 
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Figure 9. Scanning electron micrograph of base case solid products. 
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Figure 10. Scanning electron micrograph of solid products at  1000 ppm Mg*+concentration. 

160 



(a) lOOOX 

I 

\ 

(b) 5000X 

Figure 11. Scanning electron micrograph of solid products at 2000 ppm Mg2+ concentration. 
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